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ABSTRACT

The purpose of this study was to characterize the ce ll
specific expression of retinoid uinding proteins and
determine their possible role in retinol transport in the
bovine ovary.

Cattle ovaries were analyzed for the

presence of RBP and CRBP using irnrnunohisotchemical
procedures.

Ovaries were fixed in Bouin ' s fixative,

embedded in paraffin , and treated with specific antibodies
for RBP and CRBP.

Retinol-binding protein was

irnrnunolocalized to the theca and granulosa layers of antral
follicles and the granulosa cell layer of some preantral
follicles.

Cellular retinol-binding protein exhibited

intense irnrnunostaining in granulosa cells of preantral and
early antral follicles .

Retinol-binding protein was found

within the stroma and blood vessels .

Cellular retinol-

binding protein was not found within theca cell layers of
antral follicles , stroma , or blood vessels .

Follicular

fluid from small (< 5mm) , medium ( 6-9rnrn) , and large (>
10mm) follicles was aspirated and analyzed for retinol,
RBP, and steroid concentrations. Retinol concentrations
were found to be significantly higher in the follicular
fluid of large follicles compared to small follicles.
V

Retinal-binding protein concentration s in follicular fluid
was not significantly different among follicle sizes .
Retinal-binding protein was negatively correlated with
retinal in the follic u lar fluid of large follicles but
highly correlated with rettnol in the follicular fluid of
small follicles .

The follicular fluid of large follicles

had significantly higher amo u nts of estradio l 17-B than the
follicular fluid of medium and small follicles .

Estradiol

17-B concentrations were positively correlated with retinal
in the follicular f lu id of all three follicle sizes .
Follicular fluid concentrations of progesterone showed no
significant differences among follicle sizes .

Progesterone

was found to be moderately ·co r related with estradiol 17-B
and RBP concentrations of small follicles and negatively
correlated with retinal in the follicular fluid of large
follicles .

This st u dy demostrates t h at RBP , found within

healthy , mature follicles, may serve to deliver retinal to
the oocyte .

CRBP , present in immature, growing follicles,

may indicate an important role in retinal storage or in
follicular development.

Retinal, reflected by estradiol

17-B levels , may be transpdrted in increased amounts by RBP
to mat u re follicles and serve as an indicator of follicular
quality.
vi
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Part I.

Literature Review

VITAMIN A METABOLISM

Within mammalian species , Vitamin A plays an
important role in vision , cell differentiation and
regulation, as well as reproduction and embryonic
development .

Sources of Vftamin A come from the diet,

mostly in the form of B carotene from plants and
retinyl esters from animal tissue . Retinyl esters
travel to the small intestine and are hydrolyzed by
carboxyl ester hydrolase and are absorbed into the
intestinal lumen

(a s reviewed in 1).

Retinyl esters

are then converted through dehydroge na tion to retinal
and absorbed into the inestinal mucosa .

B carotene

remains unchanged within the intestinal lumen until
absorbed into the intestinal mucosa by enterocytes
where it is cleaved to retinal and further reduced to
retinal

( figure 1).

This process has also been

observed in the liver (2) , corpus luteum (3 , 4) , as well
as the conversion of B carotene into retinal within
bovine follicular fluid

(5) .

Retinal , either from the

hydrolysis of retinyl esters or reduction of B
carotene ,

is esterfied with long chain fatty acids

within the intestinal mucosa.

The retinyl esters are

then incorporated together with lipids and

2

apolipoproteins into chylomicron particles that are
secreted from the cell into lymph (1) where they are
further distributed into the circulatory system ( figure
1).

In most mammals , 50 - 80% of the body ' s total

retinol (retinol and retinyl esters) is normally
present in the liver (6) .

Chylomicrons , which store

retinyl esters , are hydrolyzed to retinol within the
liver by parenchymal cells .

Once hydrolysis of retinyl

esters within plasma membrane is complete , retinol is
transported from the parenchymal cells to
perisinusoidal stellate cells for storage in the form
of lipid droplets .

In lower vertebrates s uch as fish ,

Vitamin A storing stellate cells are not only found in
the hepatic lobule , but also in the connective tissue
of such organs as the intestine , kidney , ovaries , and
gills (6) .

The transport of retinol to stellate cells

is accompanied by a binding protein secreted by the
parenchymal cells known as retinol binding protein
(RBP) .

Retinol remains stored within hepatic stellate

cells until secreted at a 1 : 1 molar ratio with RBP into
the plasma when a need for Vitamin A is present .

3
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Wor king model of B carotene and retinyl
ester absorption within the small intestine
(reproduced from 104).
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RETINOL-BINDING PROTEIN

First discovered by Kanai and coworkers in 196 8
(7) , plasma RBP serves to deliver retinal from cells
Plasma

storage in the liver to target tissues.

retinal-binding protein occurs as a monomeric, 183
amino acid residue, nonglycosylated polypeptide with a
calculated molecular mass of 21 , 062

(8).

Recent

experiments using RBP cDNA probes have revealed
thepresence of RBP mRNA in a wide variety of tissues ,
including epididyrnal fat,

kidney , lung, spleen, brain,

stomach, heart , skeletal muscle, intestine, testis,
pancreas, and eye (9) .

Once the RBP-retinol complex is

secreted into plasma from the liver , RBP binds to TTR
(transthyretin) and remains in a 1:1 molar
concentration throughout circulation .

Formation of the

RBP -TT R complex serves to reduce the glomerular
filtration and renal cataboiism of RBP (10) and it is
possible that TTR has a regulatcry role in the delivery
of retinal to Vitamin A req'uiring cells .

The TTR

molecule is a stable and symmetric tetramer composed of
four identical subunits with a molecular weight of
54 , 980 (11)
liver .

and is synthesized and secreted by the

The interaction of retinal with RBP appears to
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be stablized by the formation of the RBP-TTR complex
but a study by Heller and Horowitz (12) showed that the
presence of retinal was not essential for RBP-TTR
complex formation.

RBP has shown to be 80% identical

within the rat , rabbit, human , chicken , and cow (8 ) and
these studies have shown that RBP isolated from one
species interacts strongly with TTR from a
different species (13).
The liver remains to be the main area of synthesis and
storage for RBP and TTR as well as a regulator of plasma
retinal levels .

It is now ~ell established that retinal

deficiency specifically blocks the secretion of RBP from the
liver so that plasma RBP levels fall and liver RBP levels
rise

(10).

In humans, it has been shown that both acute and

chronic liver disease can lead to lowered plasma levels of
retinal and RBP (14).

The kidney is also considered a major

organ of retinal catabolism.

In the rat , ~ 50% of plasma

retinal output is to the kidneys

(15) and in experimental

and clinical renal failure , the plasma levels of TTR remain
normal while the levels of retinal and RBP increase
(10,15,16).

Is has been suggested that RBP , unlike retinal,

is catabolized by the kidney and not recycled throughout
circulation (16 , 17 , 18) .
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Retinol-binding protein's main function is to delive r
retinol ( retinol derivatives) to target tissues .

The work

of Heller and coworkers (19 ) suggested target t issues
contain membrane receptors specific for RBP ( fi g ure 2) .
Retinol-binding protein's membrane specific recept o r s hav e
been observed in mucosal cells of the small intestine in
monkeys (20), bovine retinal epithelial cells
(2 1,22 ) , chicken testicular cell membranes (23 ) , h uma n
placental membranes (24) as well as the yolk sac endoderm o f
the rat (25 ) .
The overall process o f retinol internal delivery t o
cells remains controversial .

Several possibilities have

been proposed as to how RBP binds to specific membrane
receptors and how this spec'ific binding leads to the
internalization of r etinol within target cells.

Several

s o urces have identified specific RBP binding sites
(26,27,2 8) , while others have been unable to identif y a
binding site but have demonstrated the uptake of retinol by
target cells from the RBP-retinol complex ( 30,31,32 ) .

On

the other hand, Heller (32 ) proposed that specific RBP
binding sites do exist, but reti~ol may be internalized by
target cells only from RBP ,free of TTR.
Whether retinol is transferred to target cells v ia RBP
or RBP-TTR complex remains to be solved due to the

7

suggestion that TTR plays a regulatory role in overall
retinol concentration .

Rask and Peterson (20) and

Shingleton et al. (31) , have shown that retinol is taken up
by target cells at a greater rate when in the RBP-retinol
complex free of TTR compared to retinol bound to RBP-TTR.
Bavik (22) observed RBP binding at separate locations other
than TTR, and binding was not restricted . Whereas Heller
(32) observed the inhibition of RBP binding sites by TTR .
Results from Rask and Peterson (20) have also shown that RBP
is not internalized, but receptor binding is crucial for the
uptake of retinol by target cells.

In contrast to this

mechanism, Gjoen and coworkers and Ottonello and coworkers
(33 , 34) believe that endocytosis of RBP is obligatory for
cellular uptake of retinol

(8) .

The third point of controversy involves the usage of a
cellular retinol binding protein (CRBP) for the
internalization of retinol within the target cell.

It is

thought that CRBP is involved with the transport of retinol
across the cell membrane to the internal target cell
structure for utilization . It is possible, in a manner
similar to the liver, retinol is secreted from these tissues
along with RBP and can move across the membrane receptor in
reverse .

Where cellular retinol binding proteins have a

role in these possible mechanisms has yet to be determined .
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CELLULAR RETINOL-BINDNG PROTEIN

Retinoid target cells have a system of internalization,
mobilization , and storage of retinal , which is thought to
involve intracellular retinal binding proteins .

Once RBP

binds to specific target cell membrane receptors, it is
thought that retinoids are incorporated into the cell and
passed from the binding protein in delivery to nuclear
receptors for further activity by one of four low molecular
weight intracellular retinal binding proteins
35 ) .

(r eviewed in

The cellular binding p r oteins have an affinity for all

trans retinal or all tran s r e tinoic acid and are similar in

molecular weight and amino acid composition (36) .

Both can

bind related analogues but with lower affinity ; binding
activity has been correlated with biologic activity of the
retinoid , such as growth promotion or induction of
differentiation (36).

Although their suggested main action

is retinal mobilization , cellular retinoid binding proteins
are thought to be involved in retinal uptake and storage of
Vitamin A, retinal and retinoic acid (RA) metabolism , RA
synthesis, activity , and storage , embryonic morphological
development and possible RA identification within the
reproductive system.

9

Cellular Retinal-Binding Protein I and II
Cellular retinal - binding protein I and II are th ought
t o incorporate all trans retina l within target tissues
( figure 2) .

(35 )

Cellula r retinal - binding protein prefers all

trans retinal over retinal , RA , and retinal esters , but
overall has a higher degree of affinity for retinal compared
to CRBP II

(35) .

Highe s t levels of CRBP have been detecte d

in the parenchymal a n d stellate cells of the liver (3 7 , 38)
followed by the kidn e y (38)· .

Since the p a renchymal and

stellate cells are the major storage cells for RBP , CRBP ma y
be involved in RBP t r afficking and secretion into plasma
where a s kidney CRBP i s thoug h t to play a n important role in
the salvage pathway of RBP ( 39) .

High levels CRBP have als o

been localized within the epididymus of the testis

(40 , 41) .

Cellular retinal-binding protein has been found in moderate
levels within bovine retina (42) , hen oviduct (43) ,
epithelial cells of the eye (44 ) , yolk sac placenta and
chorioallantoic placenta ( 45) , cuboidal epithelial cells of
the choraid plexu s of the rat and human (46) , lung and
spleen (41) , and rat uterus and ovary ( 47).

Nevertheless ,

the given level of CRBP in a given tissue appears to be
highly characteristic of that particular tissue (48 , 49).
Cellular retinal-binding protein II has been observed within
the small intestine of the adult rat

(50) , localized within
10

the mucosal epithelium (51) .

It is thought that CRBPII is

involved in the uptake of Vitamin A, where it may be
involved in the uptake of luminal retinol and serve as a
vehicle for transporting intracellular retinol and retina l
generated by the cleavage of B carotene (39) .
According to Shaefer and coworkers ( 52 ) , the t wo types
o f CRBP have very similar amino acid compositions.

Cellular

retinol-binding protein II is 56% identical to CRBP,
containing 75 of 134 amino acids.

The structural

differences lie in the acetylation and non acetylation of
the N terminal threonine (52) .

Cellular retinol-binding

protein II has a lower aff{nity for all trans retinol,
compared to CRBP, but no binding affinity for all trans RA
or retinol esters (53,54) .

Studies have concluded that the

binding specificity of CRBPII is essentially identi cal to
that of CRBP , but the relative affinities of the two
proteins for retinoids are not ( 39 ) .
Besides retinol cytosolic transport, CRBP is thought to
have several key roles within target cells.

Cellular

retinol-binding protein is ,thought to have control o f
retinol storage and metabolism within the liver (39 ) .
Studies (55) have suggested that the degree of retinol
storage within the liver in the form of retinyl esters is
regulated by CRBP.

Harrison and coworkers ( 55) have
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observed that the levels of CRBP within the lever are
abundant and reflect the majority of the levels of
unesterified retinal .

It is hypothesized that CRBP binding

to retinol may prevent nonspecific attachment of retinal to
cellular components containing lipids , including cellular
membranes

(56) .

Cellular retinal-binding protein has the

ability t o stimulate retinyl ester hydrolysis or store
Vitamin A by inhibiting or activating retinal ester
synthesis by lecithin retinol acyltransferase

(LRAT) , as

well as control retinal metabolism by sequestering retinol
(39)

(fi gure 2) .

It has also been suggested that CRBP is

involved in RA formation by storing and releasing retinal in
cells where RA is required (56) .

Cellular retinol-binding

protein serves as a substrate for retinal synthesis from
retinal through a series of protein-protein interactions
which leading to the transfer of retinal from microsomes to
the cytosol where CRBP-retinal serves as a substrate for RA
synthesis

( 57 )

(figure 2) .

The oxidation of CRBP bound

retinol to RA by a cytosolic enzyme system thus establishes
a novel , extramicrosomal site of utilization of thiscomplex,
generated either from retin yl ester hydrolysis or through
the uptake of extracellular retinol

(58).

Celluar retinol-

binding protein II is thought to bind free retinol within
the mucosa of the small intestinal and be a significant
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factor in the prevention of retinol oxidat i on (39 ) .
Cellular retinol-binding protein II has the ability to
sequester retinol similar to CRBP and small intes tin al acyl
co-A acetyltransferase (ACAT) has the ability to esterf y
free retinol at the same rate as retinol bound CRBP II
within small int~stinal microsomes (59 , 60) .

This results in

CRBP II having little effect up on the rate o f reesterification, permitting the export of Vitamin A to the
rest of the body (39).
The second type of cellular retinoid binding protein,
cellular retinoic acid binding protein (CRABP ) is specific
for binding all trans RA.

Cellular retinol-binding protein

I and II, and CRABP I and II are of similar size (molecular
weight about 14,000) but have different tissue distributions
(5 0) .

Cellular retinoic acid binding protein is found less

throughout the body compared to CRBP.

Celluar retinoic acid

binding protein levels were comparable to CRBP levels withi n
the brain, eye, ovary, testis, and uterus (39) .

It has bee n

suggested that t _h e highest levels of CRABP are localized
within the reproductive tract, mainly withi n the testis
(61 , 62 ,63 ) , ovary and uterus (47).

Cellular retinoic acid

binding protein II has been only localized thus far in whole
rat pups

(64) and adult rat adrenal gland, rat testis (6 5 ) ,

and rat ovary and uterus ( 47).

Cell ula r retinoic acid mRNA

13

had been found in adult mouse skin (66), but has
predominantly been localized in developing embryos.
levels of CRABP mRNA
limbs , vicera , and

Low

has been expressed in 13 . 5 da y o l d
skeleton (66) , 14 day old chick embr yo

(67 , 68) , skin, muscle, and bo n e, and both CRABP II and CRABP
mRNA were present in human neonatal skin (69 ) .

Reti no i c

Acid , which is thought to play a major role in
embryogenesis, and is thought to be mediated to target cell
nuclei by CRABP .

It is thought that CRABP has similar

action of CRBP in that it has the ability to sequester RA
( 39 ) .

Napoli

excess RA,

( 57 ) has demonstrated that CRABP sequesters

controlling the ,avaliabili ty of free RA and

overall RA homeostasis

(figure 2).

Cellular retinoic acid

binding protein may also functioi1 by removing RA where it is
n o t needed, steepening the concentration gradient and making
RA more effective in signaling embryonic limb
development , in particular in the interaction of free RA
with the nuclear receptors for RA (36 ) .

Cellular Retinoid Binding Proteins and Reproduction
Recent studies from Wardlaw et al . ( 4 7) have suggested
that CRBP plays a role in Vitamin A storage within the
uterus as well as the uptake of retinol from RBP via
cummulous granulosa cells for delivery to the developing
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oocyte.

Results of this study did not show the presence of

CRABP within certain uterine cell nuclei and suggest
increasing levels of CRABP and CRABP mRNA localized within
the uterus may serve as a protector of uterine muscle cells
from epithelial production of retinoic acid .
Zheng et al .

( 65) and Baily et al .

Studies from

( 64) demonstrated age

dependant CRABPII expression , predominantly found in
embryonic development .

This was based upon the· fact that

CRABPII has mainly been found in cells that pr o duce retinoic
acid and it has been suggested that CRABPII serves as a
potential marker for RA (47,65 , 69) .

Results from these

studies suggest that CRABPII expression is correlated with
retinoic acid synthesis in the uterus and ovary , serving as
a paracrine signal for retinoic acid representation
( 47 , 70,71 ) .

Zheng and coworkers (65) have observed a RAR

(retinoic acid receptor ) and CRABPII mRNA and suggest that
RA may also be involved in an autocrine or paracrine
regulation of Sertoli cell mitosis o f the rat testis.
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RAR/RXR

Retinoic acid , the functional form of Vitamin A within
cells , controls biological functions by binding to nulcear
retinoic ac~d receptors

(RAR/RXR) which induce transcription

through interactions with retinoic acid response elements
(RAREs) within the promoter region of target genes
reviewed in 72)

(figure 2) .

(as

The retinoic acid receptor

family RAR is activated by most forms of physiologicall y
existing retinoid s

,,

(all trans RA ,

9-cis RA ,

4 oxo RA, and

3 , 4 hihydro RA) , whereas the retinoic acid receptor family
RXR , is activated by 9-cis RA .

. Each family of retinoic acid

receptors exists in an alpha , beta , or gamma subform , each
having several isoforms . Retinoid signaling is increased by
the ability of RAR and RXR to form heterodimers with one
another , likewise RXR heterodimer formation with other
nuclear receptors results in increased retinoid signaling
(reviewed in 72) .

Several ,studies suggest that both RAR and

RXR are needed for normal embryo:1ic development .
Abnormalities similar to that of Vitamin A deficiency occur
in null mutant mice for each type of receptor whereas the
loss of one receptor isoform results in either normal
development or mild abnormalities

(73 , 74) . Null mutant mice

for all RXR alpha 1 and RAR gamma 2 isoforms were variable
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and showed no changes in phenotype (74,75), whereas null
mutant mice for all RAR alpha, RAR gamma and RXR gamma
isoforms exhibit defects such as growth deficiency, early
lethality, and male infertility (76).

Figure 2.

Working model of retinal and retinoic acid

metabolism showing the interaction with and effects of
retinoid-binding proteins on retinoid specific enzymes
(reproduced from 103).
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VITAMIN A IN THE REPRODUCITVE SYSTEM AND OVARY

Within the reproductiv e system, Vitamin A has shown to
be a crucial element for the production of viable offspring.
Vitamin A deficiencies have resulted in reduced weight gain ,
male sterility, fetal resorption and post natal lethality
(77 ,7 8)

Even mildly deficient animals resulted in similar

symptoms (77) . Early studies from Thompson and coworkers
(78) demonstrated that retinoic acid removes Vitamin A
deficiencies , particularly associated with cell growth and
differentiation .

However , results from this same study did

demonstrated that retinoic acid could reverse the effects of
Vitamin A deficiency withi~ the ~eproductive system, thus
suggesting that retinoic acid has a specific role within
reproduction .

Later studies went on to show that retinoic

acid was required for early development , particularl y for
vertebra l limb development

(reviewed by 79).

Retinoic acid

in limb buds has an influence upon surrounding cells to
differentiate, which causes the cells to secrete factors
that influence pattern formation (80) .

Retinol is thought

to have a specific role in later pregnancy, particularly in
the placenta where Vitamin A is highly reguJated (77).
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Recent studies have suggested that retinoids may play
an important role in ovarian function .

Vitamin A deficient

rats have shown to have a greater number of atretic
follicles compared to A-hypervitainotic animals

(81)

Several studies have also showed that Vitamin A deficiencies
decreased ovarian size , lower steroid concentrations,
produced abortions and can result in reproductive failure .
Serum and ovarian progesterone has been shown to decrease
within Vitamin A deficient animals , even with retinoic
supplimentation (82 , 83) .

Even mild deficiencies produce

decreased levels of steriogenic enzyme activity (84 , 85) .
Retinol and retinoic acid have demonstrated biphasic effects
upon ovarian function (86). Each have been shown to induce
LH receptor activity , leading to increased cAMP levels and
progesterone production .

Retinoids have also been shown to

stimulate progesterone production and enhance steroid
production in response to gonadotropins in rat granulosa
cells (86,87). Several studies h ave also suggested that
Vitamin A may play a role in the formation and maintenance
of the CL (82 , 88).

Increased progesterone production within

the same corpus luteum of swine and cattle has also been
repeated (88 , 89 , 90) . Levels of Vitamin A in bovine
follicular fluid have been shown to correspond with quality
of oocytes , suggesting that reti~oids may play a role in
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follicular development (91 , 92) .

Recent studies from

Eberhart et al. (93) have demonstrated that the
administration of retinal to superovulated ewes impr o ved
embryonic development , possib l y through oocyte exposure t o
ex o genous retinal .

It was suggested that retinal , given

before ovulation , may affect oocyte developmental
competence .
Several studies have indicated that retinoic acid
functions in follicu l ar development during the estrous c ycle
as well as the transitional period of luteinization .
Recently , Wardlaw et al . and Zheng et al . have shown that
CRABPII may serve as a potential marker for retinoic acid
synthesis in the ovary (47 , 70).

Retinoic acid has been

immunolocalized with in granu l osa cells , the stroma , and
luteal cells .

Cell u lar reti n oic acid binding protein II

e x pression and CRABPII mRNA have been found to increase in
ovarian granulosa ce l ls du~ing granulosa cell proliferation .
The expression of CRABPII also appears to be dependent up o n
the stage of development of the individual follicle rather
than the stage of estrous cycle (47) .

Evidence also

suggests that CRABPII and RA are necessary during luteal
transiti o n of follicular granulosa cells .

These studies

have als o found the absence of CRABPII from the nuclei of
certain ovarian cells and suggest CRABPII may serve as a

20

protective role for ovarian stromal cells similar to uterine
CRABP .
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Part II .

Cell Specific Localization of Retinoid
Binding Proteins and Their Possible Role in
Retinol Transport within the Bovine Ovary

INTRODUCT I ON

Retinol , the parent Vitamin A molecule, is essential
to reproduction (reviewed in 14 and 79).

Deficiencies in

Vitamin A leads to decreased ovarian size , reproductive
senescence, abortion, and congenital fetal malformation.
Retinol is metabolized either from B carotene or retinyl
esters from the diet and is stored primarily in the liver
from where it is secreted into the circulatory system in a
1:1 ratio with retinol binding protein (RBP) .

Retinol and

retinoic acid have demonstrated biphasic effects upon
ovarian function

(86) .

Each have been shown to induce

luteinizing hormone (LH) r~ceptor activity leading to an
increase in cAMP levels and progesterone production.
Retinoids have also been shown to stimulate progesterone
production within the corpus lutea of swine (88) and cattle
(89) and increase luteal cell progesterone accumulation
(90)
Levels of Vitamin A in follicular fluid have been
shown to correspond with follicular quality in bovine
oocytes, suggesting that r~tinoids may play a role in
follicular development (91,92).

Eberhart et al . have also

demonstrated that admission of retinol to superovulated
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ewes improves embryonic development possibly through oocyt e
exposure to exogenous retinal (93) . It was suggested that
retinal, which was given before ovulation , may affect
oocyte developmental competence.
Within the cell , retinol storage , metabolism, and
(possibly) transport are r~gulated intracellularly by
cellular retinol binding protein (CRBP I and II ) and
cellular retinoic acid binding protein (CRABP I and II) .
Cellular retinol-binding protein is primarily involved in
retinol accumulation and metabolism as well as the
transport of retinal from microsomes to the cytosol.

In

the cytosol , the CRBP-retinal complex serves as a substrate
for RA synthesis (reviewed in 36) .

Cellular retinoic acid

binding protein regulates a'ccess of RA to nuclear membrane
receptors through retinol sequestration mechanisms similar
to CRBP , whereas CRABP II expression is suggested to
c o rrelate with RA synthesis (47,65,70).

Retionic acid, the

functional form of vitamin A within cells , controls
biological functions by binding to nuclear retinoic acid
receptors (RAR/RXR) which induce transcription through
interactions with retinoic acid response elements (RARE or
RXRE) located primarily wiihin the promoter region of
target genes (as reviewed in 72) .

Cellular retinoic acid
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binding protein II has been imrnun olocalized within
granulo sa cells , the stroma , and luteal cells and is
thought to serve as a potential marker for retionic acid
synthesis in the ovary (47 , 70).

These data implies that RA

functions in follicular development during the estrous
cycle as well as the transitional period of lutienization .

The purpose of this study was to characterize the cell
specific expression of retinoid binding proteins and
determine their possible role in retinol transport in the
bovine ovary .

1.

The specific objectives were :

Identify cell specific local i zation of RBP and CRBP in
primary , preantral , early antral , and antral follicles
by imrnunocytochemical procedures.

2.

Demonstrate cell specific RBP RNA expression in bovine
thecal and granulosa cells by slot blot analysis .

3.

Determine and compare the concentrations of RBP,
retinol , estradiol 17-B , and progesterone
concentrations in the follic u lar fluid of small ,
medium, and large bovine follicles .
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MATERIALS AND METHODS

Immunocytochemistry
Ovaries were obtained from abbatoir cattle and
immersed in Bouin fixation fluid for 6-12 hours .

Tissues

were washed in 70% ethanol twice daily until the yellow
color diminished, dehydrated in a series of xylene and
ethanol washes, and embedded in paraffin.
Immunocytochemical (ICC) procedures for RBP and CRBP were
performed according to the meth0~s of Lui and Godkin (94) .
Briefly , tissues were sectioned into 5µ sections and adhered
on ProbOn (Fisher , Pittsburgh, PA ) slides.

Anti-RBP or

anti-CRBP rabbit serum, diluted 1:200 in phosphate buffered
saline containing 1% normal goat serum and 1% bovine serum
albumin, was applied to sections and incubated at 37°C for
three hours .

Controls were treated with non-immunized

rabbit serum at a 1 : 200 dilution and incubated under the
same conditions .

Binding of anti-RBP or anti-CRBP was

detected according to kit instructions (BioGenex , San
Ramon , CA immunostaining kit . After incubation with control
serum , anti-RBP serum , or anti-CRBP serum, slides were
incubated for one hour uiing a 1 : 65 dilution RBP or 1:20
dilution CRBP of BioGenex link (biotinylated goat anti26

rabbit immunoglobulin) .

Slides were then incubated for o ne

hour for RBP or 30 minutes for CRBP with the BioGenex l ab el
(streptavidin conjugated peroxidase).

The interacti o n f or

specific binding of primary and secondary antiserum was
visualized by using a BioGenex 3,3-diaminobebzidine
chromogen solution for 60 seconds .

Sections were

counterstained with Mayer's Hematoxylin to visualized
nuclei .

The immunocytochemistry procedure was performed o n

random ovarian sections .

RNA isolation and analysis
Small(< 5mm) , medium (6-9mm), and large (> 10mm)
follicles were dissected from abbatoir cattle and immersed
into RNA Later (Ambion, Inc) and stored at 4°C .

Granulosa

and theca layers were microdissected according to the
procedure described by Roberts and Skinner (96) .

Briefly ,

granulosa cells were removed by cutting the follicle and
gently scraping the follicle wall with a fine plastic loop
in a petri dish containing phosphate buffered saline .

The

theca cell layer was dissected free of connective tissue
and any remaining granulosa cells .
concentrated by centrifugation .

Granulosa cells were

Granulosa cells and theca

layers from each ovary were pooled according to size for
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analysis .

Briefly, theca and granulosa cells were

homogenized in RNAzol B (Tel-Test ,

Inc .,

Friendswood, TX) .

Theca and granulosa cell total RNA isolation was performed
according to the procedure described by RNAzol B
manufactuer's instruction. · Chloroform was added per 2ml o f
homogenate and microcentrifuged at 15,000 X g at 4°C for 3 0
minutes.

The aqueous phase was separated from the phen o l -

chloroform phase and an equal volume of isopropanol was
added .

Samples were stored at -110°C overnight to allow

for RNA precipitation .

Samples were then microcentri fuged

at 15 , 000 X g at 4°C for 30 minutes .

The RNA pellet was

washed twice with 70% ethanol and dissolved in 0 . 2% SOS .
Total RNA was quantified fO'r each sample by absorbance at
260nm and stored at -110°C.

A 700 bp DNA probe specific for RBP was isolated from a
bovine conceptus cDNA library and labeled with a
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P-CTP to

a specific activity of 2 . 0 x 10 9 cpm/ug as described by Lui
et al.,

1993 (95) .

Theca and granulosa RNA was transferred to a nylon membrane
and crosslinked to the membrane by UV irradiation (0 .1 2
Joules, UVC 1000 ; Hoeffer , San Fransisco, CA) .

The
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membrane was prehybridized , hybridized , and washed as
described by Lui et al .

(95) .

Briefly , the membrane was

incubated 24 hours at 42°C in prehybridization media on a
rocking platform.

The RBP probe was added to the membrane

along with hybridization medium and incubated for 48 hours
at 42°C on a rocking platfo,rm .

The membrane underwent a

series of salt washes and exposed to Kodak X-Omat AR film
for 24 hours at -ll0C .

The RBP probe was removed by

boiling the slot memb r ane in 0 . 2% SOS at 90°C for 20
minutes.

Rehybridiz a tion usi n g a h uman and rat E actin

probe was attempted .

Signal intensities from each exposure

were analyzed by integration using a LKB Ultrascan Laser
Scanning Densitometer (LKB Produktur AB , Bromma , Sweden )
and Gelscan XL version 2 . 0 ~oftware package (Pharmacia LKB
Biotechnology , Uppsala, Sweden) .

ELISA

Follicular fl u id fro m s mall (<Smm) , medium (6-9mm) ,
and large ( >l0mm)

follicles was aspirated and analyzed for

RBP by ELISA according to the procedure of MacKenzie et al .
(97) .

Briefly , microtiter plates were coated with purified

serum RBP (98).

Samples di.luted 1:1000 and standards

ranging fro m 4-0 . 2ng/ul were mixed with bovine RBP antibody
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(98) and incubated overnight at 4°C .

The follicula r fl u i d -

antibod y s o luti o n was then transferred t o the ant i g en
coated p lates and allowed to incubate for 2 hours i n a
humidified chambe r at 30°C .

Plates were then washed

(Dynatech Ultrawash II , Microp l ate washer , Chant illy , VA )
with a solution of 0 . 05 % (v / v ) Tween 20 .

Go at an t i-rabbi t

IgG alkaline phos p h a te conjugate (Sigma , St . Louis , MO ) ,
d i luted 1 : 50 , 000 , was added to each well and the plates
were incubated for 2 hours at 30°C .

The plates were washid

as mentioned above and p - NP P phosphate substrate was added
to each well .

Plat es were read at an absorbance o f 405nm

(BioTech Automated Microp late Reader , Winooski , VT ) every
15 minutes until the 100% antibody wells

(antigen c o ated

well with anti-RBP antibody only ) reached an optimal
density of 0 . 8 - 0 . 9 .

The reaction was stopped using 5 %

Na2EDTA and the plates read t o calculate the results .

Radioimmunoassay

Circulating progestero ne concentrations were
determined in the follicular fluid of small (< 5mm ) , medium
(6 - 9rnrn ) , and large (> 10mm ) follicles by an RIA (Diagnostic
Products Corp ., Los Angeles , CA) validated by Sea l s, et al
( 99).

Circulating estradiol 17-B concentrations were
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determined by a validated RIA according to the methods o f
Moura and Erickson (100) .

HPLC
Follicular fluid from small (< 5mm), medium (6-9mm ) ,
and large

(> 10mm) follicles was aspirated and analyzed f o r

retinal concentrations by high ~~oficiency liquid
chromatography according to the procedure of Hidiroglou et
al

(101) .

Briefly, follicular fluid was centrifuged from

cell debris and 0.5ml of each sample was mixed with 0 .5ml
deionized water .

2ml of isopropanol followed by 1ml of

petroleum ether was added to each sample for the extraction
of Vitamin A .

The solvent phase was then removed and dried

under a stream of nitrogen and redissolved in methanol.
The solution was then filtered with a 0 .45 um filter , and
20ul of methanol-water (98 : 2 v / v)

filtrate was injected

into a silica column (Supelcosil LC-18 , 15cm x 4 . 6 x 3um,
Superlco, Bellefonte , PA).

Vitamin A was detected by

ultraviolet absorption (Waters model 481 LC) at 325nm .

All-trans retinal (Sigma , St . Louis MO) was used as an
external standard and. all-trans retinyl acetate (Sigma, St .
Louis , MO) was used as an -~nternal standard .
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Statisitcal Analysis
Data was analyzed using SAS (SAS Institute Inc, SAS
Circle , Cary , NC) .

Analysis of variance was performed

using the Mixed Models p r ocedure (PROC MIXED) to detect
differences due to follicle size (102) .

Differences

between RBP , steroid , and retinol concentrations in
follicular fluid were de t ected using protected least square
significant difference test (102) .

Correlations between

RBP , steroid , and retinol concentrations among follicle
sizes were conducted using Pearson correlation
coefficients .
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RESULTS

Immunocytochemistry
Immunochemical analysis of RBP in bovine ovarian cells
resulted in the intense staining of theca and granul o sa
cells of antral

(figure 3A), early antral

some preantral follicles

(fig ure 4A).

(figure 3B) and

Strong

immunostaining was also observed in the tunica adventitia
layer of blood vessels (figu re 4B) .

Diffuse staining was

seen in the ovarian stroma (figure 4B) .

Immunostaining of

RBP was not seen in the granulosa cells of primary
follicles.
Patter ns of immunostaining of CRBP were not identical
to that of RBP . Diffuse staining was seen in the granulosa
cell layer and absent in the thecal cell layer of antral
follicles

(f igure SA).

Cellular retinol-binding protein

was not observed in the ovarian stroma or blood vessels .
Intense staining for CRBP was observed in granulosa cells
of early antral follicles

(figure SB and 6A) , preantral

(fi gure 6B and 7A,B, and D), and primary follicles

(figure

7C and D) .

33

Retinal-Binding Protein RNA Expression
Quantitative slot blot analysis for RBP RNA expression
was unsuccessful .

The binding of the RBP probe to the

n y lon membrane was sucessful and observations suggested
that there was a greater amount of RNA expression in the
thecal cell layer comp ared ~o granulosa cells of medium (69rnrn) and large (> 10mm) follicles .

However, hybridization

with a B-actin probe to test for differential loading of
RNA failed.

This led to the conclusion that either

membrane bound RNA was degraded ,'. ., r lost after removal of
the original RBP probe.

Subsequent conclusions as to the

relative expression of RBP levels in theca and granulosa
layers of medium and large follicles was not possible .

ELISA
Total RBP in follicular fluid of small

(< 5mm), medium

(6-9rnrn) , and large (> 10mm) was determined by ELISA and
expressed as ng of RBP per ml of follicular fluid.

No

significant differences in patterns of in follicular fluid
RBP concentration was observed between small and medium (p>
0.8), and medium and large

(p> 0 . 6) , and small and large
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(p> 0.5)

follicles

( figure 9) .

Intraassay coefficie nt of

vari ati on was 11% , respecti vely .

Fol licular Fluid Steroid Concentrations
Co ncentrations of progesterone and estradiol 17 - B in
large (> 10mm ) , medium (6 - 9mm) , and small
were determined by radioimmunoassay.

(< 5mm)

follicles

Progester o ne

concentrations found wi thin the follicular fluid of small
(182 - 80 ng/ml), medium (2 60-16 ng/ml) , and large (400 -16
ng / ml)

follicles was within range of normal follicular

development .

No significant differences in patterns of

pr o gesterone concentration were ob served in the follicular
fluid of small and medium (p> 0 . 9) , medium and large (p>
0 . 4) , and large and sma ll

(p> 0 . 6 ) follicles. The range of

estradiol 17-B in follicular f l uid of small

(29 -14 ng /ml) ,

medium ( 94-7ng / ml ) , and large ( 192-0 . 76 ng / ml)

follicles

were within range of normal follicular development.
Concentrations of estradiol 17-B in follicular fluid of
large follicles were significantly higher compar ed to the
follicular fluid of medium (p < 0 . 05) and small
follicles

(p< 0 . 01)

( figure 10) . Differences in estradiol 17-B

concentrations were not observed when comparing the
follicular fluid of medium and small follicles

(p> 0 . 2) .
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Pr o gesterone was moderatel y c o rrelated with estradi ol 17 - 6
co ncentrat io ns ( r= . 4 1 ) and RBP ( r= - 0 . 4; ) in th e f olli c ular
fluid of small follicles . T,he intraassay coeffi ci en t of
variation for progesterone was 1 . 3 % and < 13 % f o r estradi ol
17-B , respectively.

HPLC

Follicular fluid from small (< 5mm ) , medium (6 - 9mm ) , and
large (> 10mm ) follicles was aspirated and anal y zed f o r
retinol concentrations b y high perf o rmance reverse phase
liquid chromotography .

Concentrations of retino l i n the

follicular fluid from small ranged from 22 - 13 ug / ml , medium
from 30-13 ug / ml , and large follicles fro m 48-15 ug / l0 0ml ,
respectively .

Retinol co n centrations in follicular fluid

from large follicles was significant l y higher when compared
to the follicular fluid o f small f o llicles (p < 0 . 03 ) .

No

differences were f o und when c omparing the f o llicular fluid
o f large to medium follicles
follicles

(p > 0 . 06 ) and medium and sma ll

(p > 0 . 5 ) . Howeve~ , observ ati o ns s u ggest that t h e

concentrations o f retinol i n crease with f o llicle si z e
(figure 11 ) .

Retinol was correlated with estradiol 17-B

concentrations within the f o llicular fluid of each f o llicl e
size ( r=0 . 5 ) .

Th e a mounts of retino l were also fo und t o b e
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highly correlated with the RBP concentration in the
follicular fluid of small follicles

(r= 0 . 7) .

However , retinol was negatively correlated with the RBP
concentration in the follicular fluid of large follicles
( r= - 0 . 3) and progesterone concentrations of small
follicles

(r= -0.4 ) .
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DISCUSSION

Results of this study provide information of the
potential relationship of retinol, retinoid binding
proteins, and ovarian steroids during follicular
development in the bovine ovary .

Retinol-binding protein

was immunolocalized within the theca and granulosa cells of
preantral, early antral, and antral follicles.

Retinol-

binding protein is responsible for retinol transport to
target tissues

(10).

The presence of RBP was found to be

most intense in antral theca and granulosa cells . This may
indicate that RBP is secreted from these cell types to
transport retinol to the oocyte during the mid to later
stages of follicular development.

Eberhart et al.

(93)

have demonstrated that the administration of retinol to
superovulated ewes improved embryonic development, possibly
through oocyte exposure to exogenous retinol.
Cellular retinol-bindfng protein is involved in
retinol accumulation and metabolism as well as the
transportation of retinal to the cytosol for RA systhesis
(36).

Cellular retinol-binding protein was

immunolocalilzed in the granulosa cells of antral, early
antral, preantral, and primary follicles, with intense
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staining of early antral and preantral follicles.

The

intense localization of CRBP within primary, preantral, and
early antral follicles may indicate retinol storage for use
in later follicular development or a possible need for RA
during early stages of follicular development.

Diffuse

staining for CRBP was found during the later stages of
follicular development, suggesting there ma y be a reduced
need for retinol storage due to a greater need for retinal
by the oocyte .

These data may r f ovide a mechanism for the

accumulation and transport of retinol into the follicle.

A

possible model for RBP transport within the ovary has been
suggested in which CRBP accumulates retinal from the blood
plasma and RBP transports it across the basement membrane
into the follicle (figure 12).
Retinol-binding protein levels within follicular fluid
were found to be evenly distributed in small and medium
follicles during follicular devElopment, whereas the
concentration of retinol were found to increase in large
follicles.

The highest amounts of retinal were seen in

follicles greater than 10mm.

Estradiol 17-B concentration

within follicular fluid was found to increase with
follicular size as well; the highest amounts found in
follicles greater than 10mm.

Schweigert and Zucker (102 ,
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103) have shown that Vitamin A levels correspond with
follicular quality in bovine ovaries.

Highest amounts of

Vitamin A were seen in healthy follicles,

lowest amounts

were found in atretic follicles, and concentrations were
highly correlated with estrogen concentration.

Similarly,

estradiol 17-B concentrations were highly correlated with
retinol levels of follicular fluid, with the highest
estradiol 17-B concentration in follicles greater than
10mm.

Estradiol 17-B was also correlated with RBP levels

in follicles from 6-9rnrn in size.

Similarly, Geiger

demonstrated that the number of atretic follicles was
highest among Vitamin A deficie~1. rats, as compared to Ahypervitaminotic rats (92).

These data, along with ours,

support the idea that the concentration of retinol within
the follicle may serve as an indicator of follicle health.
Cellular retinoic acid binding protein is thought to
regulate RA metabolism and trafficking in the cell (79).
Within the nucleus, RA binds to RAR/RXR nuclear receptors
and this complex may possibly induce or represse gene
expression through the association with RAR/RXR response
elements within the promoter region of target genes.

It

has been suggested that CRABP has the ability to prevent RA
activity by controlling the availability of free RA and
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overall RA homeostasis .

Cellular retinoic acid binding

protein has been localized in the cytoplasm of oocytes from
primary follicles in the sheep (105) .

Cellular retinoic

acid binding protein may sequester RA in primary follicles
and block its ability to regulate transcription .

However,

CRABP II has been suggested as a possible marker for RA
synthesis since cellular retinoiL acid binding protein II
has been found mainly in cells that produce RA (47 , 70 , 71) .
Within the ovary , CRABPII expression was correlated with RA
synthesis (47 , 70) , and was primarily found in the granulosa
cells of mature follicles and early CL .
Our data suggest that mature follicles may have a
greater need for retinal .

This is because mature, healthy

follicles undergo greater amounts of cell differentiation
and require an increased amount 0f nutrients .

Retinoic

acid/RAR or RXR complex is t h ought to induce or repress
transcription, growth factor expression, and possibly
increase the half life of mRNA (79).

As follicles grow in

size, nutrient requirements of granulosa and theca cell
differentiation increase .

This would require a greater

need for retinal, possibly for RA synthesis .

This may

explain why levels of Vitamin A are associated with healthy
follicles.

If sufficient amounts of retinal are available,
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RA will be metabolized according to the needs of the cell .
This may lead to healthier growt ;i and development of the
oocyte.
In summary, results of this study demonstrate the cell
specific expression of RBP and its possible role with
retinal transport in the bovine ovary.

This study, along

with ot hers, provides evidence that retinal and its
associated binding proteins may correlate with oocyte
quality and serve as a possible indicator of overall
follicular health .
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Appendix

Fi gure 3 .

Immunolocalization of retinal-binding protein in

antral follicles
bovine ovary.

(A) and early antral follicles

(B) of the

Note the RBP localization in the thecal and

granulosa cells of antral (A2) and early antral follicles
(B2).

Counterstain for the controls (Al and Bl) and

samples is

Figure 4.

Mayer ' s Hematoxylin .

Immunolocalizati,on of retinal-binding protein in

preantral follicles
ovary.

(A) and blood vessels (B) of the bovine

Notice RBP localization in the granulosa cells and

surrounding stroma of preantral follicles

(A2) .

Notice

intense RBP localization intense in the tunica adventitia
layer of blood vessels with diffuse staining of surrounding
stromal cells (B2).

Counterstain for the controls (Al and

Bl) and samples is Mayer's Hematoxylin .

Figure 5.

Immunolocalization of CRBP in antral (A) and

early antral (B) follicles of the bovine ovary .

Note the

diffuse staining of CRBP localization in the granulosa cell
layer of an antral follicle

(A2) compared to the intense

staining for CRBP in early antral follicles

(B2).

Counterstain for each control (Al and Bl) and samples is
Mayer's Hematoxylin.
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Figure 6.

Immunolocalization of CRBP in early antral

follicles of the bovine ovary.

Note CRBP localization

within granulosa cells (A2 and B2) .

Counterstain for the

controls (Al and Bl)) and samples is Mayer's Hematoxylin.

Figure 7.

Immunolocalization of CRBP in preantral (A , B,

and D), primary (C and D), and early antral (D) follicles.
Notice CRBP iocalization within granulosa cells of
preantral (A and D), primary (C and D), and early antral
follicles .

Figure 8.

Counterstain is Maye~'s Henatoxylin .

Immunolocalization of RBP and CRBP in the antral

bovine follicle.

Notice the intense staining of RBP in the

thecal and granulosa cell layer of the antral follicle (A)
compared to the diffuse staining of CRBP in the granulosa
cell layer only (B) .

Figure 9.

Counterstain is Mayer's Hematoxylin.

Relative concentration of retinol-binding

protein in relation to follicle size.

The levels represent

the means of RBP concentration in the follicular fluid of
large, medium, and small follicles.

The error bars

indicate the pooled standard error of the mean.
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Figure 10.

Relative concentrations of estradiol 17-B in

relation to follicle size. , The levels represent the me ans
of estradiol 17-B concentration in the follicular fluid o f
large, medium, and small follicles.

The error bars

indicate the pooled standard error of the mean.

Figure 11.

Relative concentrations of retinal in relati o n

to follicle size.

The levels represent the means of

retinal concentration in the follicular fluid of large,
medium, and small follicles.

The error bars indicate the

pooled standard error of the mean.

Figure 12.

Model for delivery of retinal through the

basement membrane to granulosa cells and/or follicular
fluid .

Retinoid proteins represented are: retinal (ROH),

retinal-binding protein (RBP), and cellular retinal binding
protein (CRBP).
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I

B2

Figure 3.

Immunolocalization of retinol-binding protein in
antral (A) and early antral (B) follicles of the
bovine ovary.
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Figure 4.

Imrnunolocalizati,on of retinol-binding protein in
preantral follicles (A) and blood vessels (B) of
the bovine ovary.
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Immunolocalization of cellular retinol-binding
protein in antral (A) and early antral follicles
(B) of the bovine ovary.
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Figure 6.

Irnmunolocalization of cellular retinol-binding
protein in early antral follicles of the bovine
ovary .
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A

C

Figure 7.

Immunolocalization of cellular retinol-binding
protein in preantral (A, B, and D), primary (C
and D), and early antral (D) follicles of the
bovine ovary.
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Figure 8 .

Immunolocalization of retinol-binding protein
(A) and cellular retinol-binding protein (B) in
the antral follicle of the bovine ovary .
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Relative concenbrat i on of follicular fluid
retinal-binding protein in relation to follicle
size .
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Relative concentration of foll i cular fluid
estradiol 17-B in relation to follicle size.
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Model for delivery of retinal through the
basement membra'n e to granulosa cells and/or
follicular fluid.
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Mean concentrations of Retinal , RBP , Estradiol 17-B , and Progesterone
in Follicular Fluid of Small , Medium , and Large Follicles

Bovine Ovarian Follicles
Small
n=235

(> Smml

Medium
n=73

(6-9mm)

Large
n=41

(>

10mm)

Retinal

17 . 7 ± 0. 03a

20 . 1 ± 0 . 03a

26 . 7 ± 0 . 02b

RBP

41. 0 ± 4 . 9

42 . 3 ± 3 . 3

44 . 7 ± 2 . 9

Estradiol 17 - B

22 . 1 ± 16 .1 a

44 ± 11. 9a

76 . 02 ± 9 . 9b

Progesterone

119 . 7 ± 37.7

115 . 4 ± 29 . 2

143 . 7 ± 23 . 8

(µg/lOO_ml)

(ng/ml)

(ng/ml)

(ng/ml)

rows with different subscripts are significantly different
a,b = p<0.05
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